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Abstract
Repair of double-strand breaks in chromosomal DNA is essential. Unfortunately, a paradigm central to most
DNA repair pathways—damaged DNA is replaced by polymerases, by using an intact, undamaged comple-
mentary strand as a template—no longer works. The nonhomologous end joining (NHEJ) pathway nevertheless
still uses DNA polymerases to help repair double-strand breaks. Bacteria use a member of the archaeo-eukaryal
primase superfamily, whereas eukaryotes use multiple members of the polymerase X family. These polymerases
can, depending on the biologic context, accurately replace break-associated damage, mitigate loss of flanking
DNA, or diversify products of repair. Polymerases specifically implicated in NHEJ are uniquely effective in these
roles: relative to canonic polymerases, NHEJ polymerases have been engineered to do more with less. Antioxid.
Redox Signal. 14, 2509–2519.
More to It than Just Joining Ends
Chromosome double-strand breaks are generated di-rectly by ionizing radiation and DNA-cleaving chemo-
therapeutic drugs or indirectly by replication failure and
aborted repair (e.g., base excision repair; BER). Devel-
opmentally programmed chromosome breaks are also inter-
mediates in recombinations required for meiosis and the
adaptive immune response [V(D)J recombination or class
switch recombination]. Relative to most other chromosome
lesions, double-strand breaks are rare, and this is fortunate—
the consequences of failed or aberrant repair of double-strand
breaks are severe [reviewed in (75)].
Chromosome integrity can be restored by using homolo-
gous recombination, which replaces the broken region by
using either the intact sister chromatid or homologue as a
template. Eukaryotes and a subset of prokaryotic species
also have a second option, where broken ends are simply re-
joined by ligation [reviewed in (48)]. Unfortunately, the
failure of end joining to reference an intact copy means that
the terminal sequence can be lost, or worse, a given chro-
mosome end can be joined to the wrong partner (transloca-
tions and chromosome fusions). End joining is thus typically
viewed as the more error prone of the two strategies. Clas-
sically defined end joining (nonhomologous end joining, or
NHEJ; see later) nevertheless plays a pivotal role in pre-
serving genome stability. Defects in classically defined NHEJ
result in severe radiosensitivity, immunodeficiency, blocked
neurogenesis, premature cellular senescence, and cancer
predisposition.
NHEJ is most simply defined by its use of the DNA end-
binding scaffold Ku and an associated ATP-dependent DNA
ligase (ligase IV=Dnl4 in eukaryotes). In most eukaryotes, the
core NHEJ machine also includes XRCC4=Lif1, XLF=Cernunnos=
Nej1, and the DNA-dependent protein kinase (DNA-PKcs)
(Fig. 1). This machine is at least partly dispensable for repair of
chromosome breaks due to alternate end-joining pathways
(Alt-EJ) that join ‘‘sticky ends’’ (ends with >2 bp complemen-
tary overhangs) either directly, or after such ends are generated
by extensive end resection [reviewed in (48, 66)]. By compari-
son, classically defined NHEJ (joining dependent on Ku and its
associated ligase) uses end-processing activities that appear to
be capable of making most ends, regardless of initial end
structure, a good substrate for ligation without the need for
extensive resection. Among processing activities used by NHEJ
is the extension of DNA ends by a DNA polymerase (Fig. 1).
Polymerases Specifically Used by NHEJ
LigD polymerase domain
Bacterial genera with recognizable NHEJ machinery include
Mycobacterium, Bacillus, Pseudomonas, and Agrobacterium
sp. [reviewed in (81, 89)] . These species possess a gene for Ku,
and this gene is often located near a gene encoding a member
of a family of nucleotidyl transferases that include the primase
catalytic subunit (archaeo-eukaryal primase superfamily, or
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AEP) (4, 32, 52). Strikingly, the AEP member is often a domain
within a multidomain NHEJ ‘‘Swiss army knife’’ (29) (e.g., the
ligD protein in mycobacteria; Fig. 2) that can also include a
domain encoding another end-processing activity (phospho-
diesterase), as well as a domain encoding the ATP-dependent
ligase activity implicated in bacterial NHEJ. AEP members
have been specifically implicated in NHEJ both biochemically
(29) and through genetic analysis (3, 29).
The pol X family
The pol X family are small (30–70 kDa) DNA polymerases
found in most eukaryotes, with the notable exception of cer-
tain invertebrates (D. melanogaster, C. elegans) [reviewed in (67,
98)]. The most well-characterized members include the only
pol X members in the fungi Saccharomyces cerevisiae and S.
pombe, Pol 4, and four members of the pol X family found in
vertebrates: pol b, pol l, pol m, and terminal deoxynucleotidyl
transferase (TdT). Pol X members have a 30-kDa domain re-
quired for synthesis that has been likened to a hand, with
palm, fingers, and thumb subdomains (67) (Fig. 2). The
‘‘hand’’ in pol X members is preceded by an 8-kDa domain
that is typically active in binding of the downstream side of a
gap, as well as excision of downstream 50 terminal abasic sites
[see later, and Fig. 5, and (67)]. They do not possess exonu-
clease activity. With the exception of pol b, these polymerases
further possess an N-terminal BRCT (similar to BRCA1 C
terminal protein–protein interaction) domain.
The presence of BRCT domains in a pol X member is suffi-
cient to define it as an ‘‘NHEJ polymerase’’ (see also later sec-
tion), because the BRCT domains are essential for formation of a
specific complex between the Pol X member and NHEJ core
factors at DNA ends (Fig. 1) (60, 62, 71, 97). Ku and XRCC4-
ligase IV are typically both essential for formation of a stable
complex that includes the pol X member (62, 64, 71), and the
core factor XLF further promotes pol X activity in vitro (1).
However, specific protein–protein interaction interfaces between
pol X members and NHEJ core factors have not yet been de-
fined. Notably, BRCT domains often recognize phosphoserine=
threonine-containing motifs (65, 102) and BRCT domain of TdT
has higher affinity for a phosphoserine-containing peptide (102),
but, as yet, no evidence exists for phosphorylation-dependent
interactions of pol X members with core NHEJ factors. It is also
not yet clear whether a defined order of assembly or a defined
stoichiometry exists, or even if pol X recruitment to the complex
occurs exclusive of, or in addition to, participation of other NHEJ
factors (e.g., DNA-PKcs, other processing factors). The pol m and
TdT BRCT domains are *40% similar, and residues important
for complex formation are conserved (30). Curiously, pol l is
much less similar with regard to primary sequence and structure,
and this results in significant differences in how it interacts
with NHEJ components (69). It is unclear whether the difference
in interaction provides some advantage to NHEJ (e.g., by help-
ing to determine which polymerase is used, or how). BRCT-
domain–containing polymerases also help to increase the
stability with which XRCC4-ligase IV is recruited to Ku-bound
ends (64) and can generally promote ligase activity independent
of a role for the polymerase (97).
Other polymerases (i.e., those without BRCT domains) also
contribute to NHEJ. For example, human Pol b (24) and even
S. cerevisiae pol d (3, 19) have both been argued to substitute
partly for Pol 4 during NHEJ in S. cerevisiae, and other poly-
merases can act in the absence of the LigD polymerase func-
tion (3). However, their activity is not efficiently coupled to
the other events in NHEJ, especially end alignment and liga-
tion, and consequently it appears restricted to a limited class
of substrates (mostly 30 recessed ends). Other polymerases
may thus serve as serviceable substitutes in very specific
contexts, and possibly even then only when an NHEJ poly-
merase is unavailable.
Biologic Roles of NHEJ Polymerases
Genetic analysis in the mycobacterium M. smegmatis indi-
cates that the polymerase domain of LigD is required for
NHEJ: deletion of the domain has an impact on NHEJ equiv-
alent to deletion of Ku, even though the LigD ligase domain
remains active. However, this requirement for the polymerase
domain is independent of its synthesis activity (3). Inactivation
of the polymerase domain catalytic activity primarily affects
junction structure, rather than joining efficiency.
Eukaryotic NHEJ polymerase activity also is not essential
for all NHEJ reactions. For example, vertebrate cells deficient
in pol m, pol l, or both have been characterized as having no
Damage, V(D)J recombination
Recruit Ku, DNA-PKcs









FIG. 1. Pol X members form a complex with NHEJ core
factors. pol X family members (green) require at least Ku and
XRCC4-ligase IV (X4-LIV) (dark purple) to form a stable
complex at DNA ends. Additional core factors not essential
for stable pol X recruitment (light purple), but which may
also participate, include XLF=Cernunnos (Xlf) and DNA-
PKcs. (To see this illustration in color the reader is referred to








FIG. 2. Domain organization of NHEJ polymerases. Li-
gase D protein of Mycobacterium tuberculosis. AEP, archaeo-
eukaryotic primase superfamily; PE, phosphodiesterase.
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radiosensitivity (8, 9, 57), or are at best weakly radiosensitive
(61) relative to equivalent cells deficient in Ku or ligase IV.
Mice deficient in pol m (alone or in combination with pol l) are
also immunodeficient (8, 9), but again, this phenotype is less
severe than mice deficient in Ku or ligase IV. Gross pheno-
types of polymerase-deficient cells=mice are thus significant,
but generally milder than those associated with cells or mice
deficient in core factors.
It has been difficult to determine how various NHEJ poly-
merases contribute to these phenotypes. This is partly because
NHEJ polymerases make important contributions to other
pathways: specific examples so far include Pol l in base exci-
sion repair (13, 93), and Pol 4 in alternate (i.e., Ku-independent)
end joining (27, 30). Additionally, the roles of NHEJ poly-
merases within NHEJ appear to overlap with each other as
well as with polymerases not typically linked to NHEJ, de-
pending on the substrate and cell type (discussed in detail
later). Consistent with this idea, overexpression of catalytically
inactive pol l (17), or even a partly defective, cancer-associated
pol l mutant (94) have fairly severe effects on both the effi-
ciency and accuracy of NHEJ that probably would not have
been predicted from analysis of pol l–deficient mice (9, 57).
Specifically how do NHEJ polymerases contribute to cel-
lular repair, and in organisms with multiple NHEJ polymer-
ases, to what extent are their roles overlapping?
Accurate repair
Short-patch BER at double-strand breaks. Damage-
induced double-strand breaks are often ‘‘staggered’’ (strand
breaks are offset on opposing strands), and termini possess
flanking nucleotide damage (99). Experiments both with cell
extracts (20) and in cells (25) indicate that polymerases active
in NHEJ contribute to a type of short-patch BER that accu-
rately repairs damage-associated chromosome breaks
(Fig. 3a). NHEJ shares with BER=single-strand break repair
some of the same enzymes [reviewed in (16)] that excise
oxidative nucleotide damage expected near damaged in-
duced breaks. Alignment-based gap fill-in, a long appreciated
property of NHEJ (59, 78, 85, 95), is then sufficient to replace
excised nucleotides accurately, as long as aligned ends still
retain at least one to two complementary nucleotides (Fig. 3).
The polymerase domain of bacterial ligase D (29), Pol4 (24, 97,
101), pol m (72), and pol l (60) can all in principle contribute to
accurate alignment-based gap fill-in (Figs. 3 and 4).
This specialized short patch BER has the ability to restore
the original chromosome sequence accurately, even when
break-associated damage is sufficient initially to block ligation
(20). Does polymerase activity during NHEJ suppress
damage-induced mutation in vivo? Deletion of Pol4 increases
the mutation rate both spontaneously and after exposure to
ionizing radiation (50) or methyl methanesulfonate (MMS),
and additionally increases sensitivity to MMS (92). Moreover,
increased mutation and MMS sensitivity due to Pol4 deficiency
are at least partly suppressed by additional deletion of a core
NHEJ component (Dnl4 or yKu70). This implies both that these
affects of Pol4 are mediated mostly through repair by NHEJ,
and that complete ablation of NHEJ allows the damage to be
efficiently repaired by a different repair pathway that is at least
as accurate (probably homologous recombination).
FIG. 3. Biologic source, end struc-
ture, and NHEJ products. Chromo-
some breaks generated by damage
(e.g., ionizing radiation) or V(D)J re-
combination have complementary or
noncomplementary ends, and this de-
termines whether repair products re-
quire (a) gap fill-in directed by partially
complementary overhangs, (b) gap
fill-in after alignment of noncomple-
mentary overhangs, or (c) template-
independent extension of noncom-
plementary overhangs. Strand break
30OH and 50PO4 termini are denoted
by arrows and ellipses, respectively.
Damaged nucleotides are in red, whereas orange identifies incoming nucleotide triphosphate in substrate and products of synthesis
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FIG. 4. A gradient of template strand dependence for pol X family members. Different biologic roles (top row), substrates
with decreasing base-pairing interactions between primer or incoming dNTP (orange), and template strand (highlighted in red;
middle row), and the proposed vertebrate pol X members active in these roles and on these substrates (bottom row) are correlated.
(To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com=ars).
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Synthesis at noncomplementary ends: mitigating the need
for resection. Partially complementary overhangs and
alignment-based fill-in allow the accurate resolution of
damage-induced chromosome breaks, but a significant frac-
tion of breaks will presumably possess fully noncomple-
mentary sequence (Fig. 3b). Noncomplementary overhangs
are also frequently expected during NHEJ-dependent reso-
lution of V(D)J recombination intermediates. One alternative
is to use a nuclease to resect chromosome ends until a com-
plementary sequence is found (microhomologies). This is the
primary pathway for Alt-EJ of noncomplementary ends
[reviewed in (66)], and Mre11 may be well engineered for this
purpose (100). However, classically defined NHEJ can use
polymerases (alone, or together with limited resection) as a
more conservative means for matching ends. The 30 recessed
ends can be filled in (85) [and this probably does not need
a specific polymerase (3, 24, 101)], whereas the NHEJ poly-
merases pol m (71) and Pol 4 (76) have been surprisingly
implicated in a variation of alignment-based gap fill-in with 30
protruding ends that possess no complementary sequence
(Fig. 3b). Ends are extended by limited synthesis, usually
template instructed, to generate complementary overhangs de
novo (‘‘end-bridging’’ synthesis). In contrast to synthesis that
takes advantage of a complementary sequence present after
initial alignment of ends, end-bridging synthesis is less likely
to restore the original chromosome sequence accurately. End-
bridging synthesis may nevertheless help to minimize dele-
tion associated with resolving noncomplementary ends,
relative to resolutions reliant entirely on end resection.
At the same time, the ability to match ends promiscuously
can be a threat to genome stability. Rap1 deletion in S. cere-
visiae results in NHEJ-dependent fusion of chromosomes at
telomeres, and although Pol 4 is dispensable for many NHEJ
reactions (24, 101), it is essential for telomere fusion (76). The
ability of Pol 4 to bypass a need for partially complementary
ends thus apparently removes an important block to aberrant
chromosome fusion or translocation.
Distinct roles for pol m and pol l?. Most vertebrates
possess three pol X members, and two (Pol m and pol l) are
both widely expressed and possess overlapping in vitro ac-
tivities. Nevertheless, levels of expression of the two poly-
merases vary according to cell type [e.g. (9)], and each
polymerase has substrates on which it is uniquely active (Fig.
4, and later section). Are they functionally redundant in vivo?
In vivo evidence for a unique role for pol m in NHEJ comes
from studies of the impact of pol m on V(D)J recombination.
During V(D)J recombination, NHEJ must resolve chromo-
some breaks with 30 overhangs of diverse sequence (88);
aligned ends thus frequently possess little or no comple-
mentarity (Fig. 3). Pol m facilitates more-accurate joining of
these ends, at least during recombination at the immuno-
globulin kappa (Igk) locus: deficiency in polymerase m results
in increased deletion (8), and overexpression of pol m has the
opposite effect (71). When compared with structures of Igk
ends (88), the sequences of Igk junctions indicated both that
pol m reduces deletion by promoting retention of overhang
sequence, and that overhang retention is not reliant on par-
tially complementary overhangs generated by chance (71).
Comparably overexpressed pol l or a catalytically inactive
pol m did not similarly promote overhang retention, con-
firming that this role is a specific consequence of the catalytic
activity of pol m, and is unique to pol m. Finally, mutants of
pol m that are defective only in the unique activity of pol m—its
ability to add complementary nucleotides after bridging
noncomplementary ends—were also relatively unable to
promote overhang retention (26, 71). Reasonably accurate Igk
recombination thus relies on the ability of pol m to extend from
noncomplementary overhangs. Possibly consistent with a
more-general role for this activity in NHEJ, other cell types
(mouse embryo fibroblasts, bone marrow, and splenocytes)
deficient in pol m can be radiosensitive and show increased
numbers of radiation-dependent gH2AX foci and chromo-
some aberrations, relative to wild-type controls (61). Over-
expression of catalytically inactive pol m also promotes
radiation-dependent chromosome aberrations in Chinese
hamster ovary cells (18).
Surprisingly, Pol l deficiency also results in increased dele-
tion during V(D)J recombination. In contrast to pol mdeficiency,
though, pol l deficiency affects only recombination at the im-
munoglobulin heavy chain (IgH) locus (9). Does this mean that
pol l has activity equivalent to pol m on noncomplementary
ends? And if their biochemical activities entirely overlap, why
are the biologic roles of these two polymerases not over-
lapping? The pol m is expressed at very low levels in cells active
in IgH recombination, probably explaining why pol m is unable
to compensate for pol l deficiency at this stage in B-cell de-
velopment (9). It is less clear why pol l cannot compensate for
pol m deficiency during Igk recombination: the expression of
pol l remains relatively constant through B-cell development
(9), and it has little impact on Igk recombination, even when
overexpressed (71). However, when we factor in the number of
recombinations involved (two for IgH; one for Igk), the ability
of pol l to mitigate deletion is significantly less than that of pol m
(8, 9). IgH recombination additionally samples a much wider
variety of possible end structures. Therefore, the pol l signifi-
cant but reduced ability to mitigate deletion during NHEJ of
V(D)J recombination intermediates might be consistent with
restriction of the pol l activity to those ends that, after align-
ment, possess by chance 1–2 bp of complementary sequence.
Conclusive determination of the extent of overlap between
pol m and pol l function in cells will require experiments in
which substrate end structure and expression level are sys-
tematically varied. At present, though, it appears that pol l
could be the primary NHEJ polymerase in most cell types. It
efficiently and accurately performs the last step of a special-
ized base excision repair, using ends with partially comple-
mentary sequence (Figs. 3a and 4). Pol m, conversely, is
probably capable of performing most of the same functions
but also allows a more ‘‘creative’’ solution when ends of un-
related sequence are aligned (Figs. 3b and 4). This activity is
critical in mitigating resection associated with joining of
noncomplementary ends in pre-B cells active in Igk light-
chain recombination, and probably plays a significant role in
other cell types as well. However, the pol m contribution may
be accompanied with some risk, as suggested both by the
ability of the similar activity of Pol 4 to promote telomere
fusion, and the possible utilization by pol m of ribonucleotides
during synthesis (see later section).
Diversification
NHEJ polymerases can also contribute to diversity in NHEJ
junctions (Fig. 3c). TdT is the third pol X member present in
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most vertebrates, but is expressed only in cells active in V(D)J
recombination, and even then, expression is absent during
V(D)J recombination early in ontogeny (mouse fetal live) and
during immunoglobulin light-chain recombination (7). TdT
thus does not significantly contribute to NHEJ beyond the role
of NHEJ in resolution of intermediates in V(D)J recombina-
tion. TdT is required for the majority of template-independent
additions introduced during resolution of V(D)J recombina-
tion intermediates (42, 58) (Figs. 3c and 4). Mice without TdT
thus have reduced diversity in antigen-specific receptors, and
this reduced diversity limits the effectiveness of adaptive
immune responses (46, 56, 70).
In Mycobaterium smegmatis, the polymerase activity of Lig D
often introduces a single, template-independent addition into
junctions made by using blunt-ended substrates (3, 43). A
polymerase-deficient LigD mutant directs less mutagenic
NHEJ, but joining in this context is also threefold less efficient
(3). Increased efficiency of joining might be reason enough to
support this mutagenic process. However, mutagenic repair
may also be beneficial in the sense that increased mutation in
cells under specific stress, including stationary phase or star-
vation, may promote escape from antibiotics or otherwise
improve fitness or virulence.
Distinguishing Features in Function and Structure
DNA polymerases typically need two things: a primer and
annealed template, and a deoxynucleotide triphosphate
complementary to the template. Neither need is met in most
end-joining contexts, making it difficult for canonic poly-
merases to function (Figs. 3 and 4).
End bridging and variable dependence on template
Activity on a 50 overhang typically does not necessarily
require end bridging and is readily supported by canonic
polymerases (3, 24, 101). The ability to use partly comple-
mentary 50 overhangs and perform alignment-based fill in
(rather than simply ‘‘blunting’’ the end) nevertheless still af-
fords some advantage to NHEJ (Fig. 4). This requires coupling
of synthesis to ligation, or at least gap recognition, and
available evidence suggests that it is the primary pathway for
resolution of such ends in vertebrates (78, 85, 95).
However, the biggest challenge facing NHEJ polymerases is
sustaining activity on a 30-protruding primer, as it is cannot be
stably aligned with template by base pairing (Fig. 4). Accurate
template-dependent repair requires either that the polymerase
align the end itself, or that the polymerase work within a
complex of NHEJ core factors that aligns primer and template
for the polymerase. Alternatively, the NHEJ polymerase could
add nucleotides to ends independent of the template overhang
sequence, either in hope of randomly generating complemen-
tary overhangs, or to promote genome diversification, as de-
scribed earlier [e.g., during V(D)J recombination].
All of these strategies are used; which strategy is used de-
pends on the polymerase and substrate (see earlier; Fig. 4).
Here we address how the polymerases differ in regard to how
they sustain activity, as well as describe progress in deter-
mining the structural basis for these differences.
Lig D. The polymerase domain of the Mycobacterium tu-
berculosis ligD gene is a striking example of a polymerase that
is intrinsically sufficient to align ends and perform alignment-
based fill-in synthesis on partly complementary 30 protruding
ends (14). A crystal structure captured a dimer of polymerase
domains aligning two ends (14). Key features identified in this
structure were a b hairpin loop from each monomer that both
constitutes the protein dimer interface and cradles the inter-
acting DNA ends, and the recognition by both monomers of
the downstream 50 PO4 (14, 82, 108).
Pol X. Deletion of Pol 4 in yeast primarily affects joining
of ends that require synthesis (24, 101). Similarly, the pheno-
type of mice, even with both pol m and pol l deleted, is mild, at
least relative to mice missing a core NHEJ component (8, 9, 57,
61). Moreover, pol X polymerases possess intrinsic ability to
perform synthesis over a double-strand break only in relaxed
contexts (extensive complementary sequence and reduced
ionic strength) (2, 37, 54). Therefore, relative to bacterial
NHEJ, eukaryotic NHEJ uses polymerases primarily for syn-
thesis, and their synthesis activity in this context is mostly
dependent on end bridging provided extrinsically, through
a complex formed with the core NHEJ components (26).
Nevertheless, NHEJ-associated polymerases possess addi-
tional characteristics that make them less reliant than canonic
polymerases on extensive primer-template base pairing for
activity (80, 104). Strikingly, the four vertebrate pol X family
members—pol b, pol l, pol m, and TdT—differ incrementally
in this regard, possessing a gradient of independence on
template (71). Their differences in dependence on template
help dictate their biologic role (Fig. 4).
Elements required for partly complementary 30 over-
hangs. Pol l (60), pol m (72), and pol 4 (24) are active in NHEJ
when the primer terminus and template can be aligned with at
least one to two terminal complementary nucleotides (Figs. 3a
and 4). This activity requires a BRCT domain: deletion (37, 60,
62, 71, 97) or substitutions of key residues (30, 69) in the BRCT
domains have no significant impact on intrinsic catalytic ac-
tivity, but correlate alignment-based gap fill-in activity during
NHEJ with the ability to form a complex between the poly-
merase, Ku, and XRCC4-ligase IV at DNA ends.
The ability of these polymerases to act during NHEJ thus
relies on end-bridging interactions supplied by core NHEJ
factors. Nevertheless, pol X members are generally known for
gap recognition: simultaneous recognition of both the primer
by the catalytic domain and downstream 50 PO4 by the 8-kDa
domain (67). This will also promote end bridging (Fig. 5a and
b). At least for pol m, gap recognition has been shown both to
contribute to the ability of pol m to act during NHEJ (26) and to
remain primarily template instructed (2, 26) (see also later).
Several structural elements probably unique to Pol l (i.e.,
beyond its BRCT domain and ability to recognize gaps, both
of which are found in other pol X members) have been asso-
ciated with activity of pol l in NHEJ. Interactions between the
Pol l b8 strand of its ‘‘thumb’’ subdomain and an unpaired
nucleotide upstream in the template promotes activity on
misaligned (or minimally aligned) primer termini (38)
(Fig. 5a). A pocket formed by the pol l finger subdomain and
its 8-kDa domain binds a yet-to-be copied or downstream
template nucleotide and promotes processive synthesis on
longer gaps by ‘‘scrunching’’ (40) (Fig. 5a).
Elements required for activity on noncomplementary
30overhangs. The pol l is largely inactive if the terminal
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nucleotide of the primer is unable to pair with template se-
quence (noncomplementary 30 overhangs; Figs. 3b and c, and 4)
(71). Pol m (33), TdT (55) [and possibly Pol4 as well (76)) retain
activity, in part because of structural elements they share, but
which are absent from other pol X family members (Fig. 4b and
c). A loop between beta strands 3 and 4 (loop1) of the TdT palm
subdomain is more than 13 aa longer than is that of pol l and is
found in place of a template in a structure of TdT with a ssDNA
primer (28). This position of the TdT loop1 suggests an expla-
nation for the TdT affinity and activity for ssDNA and 30
overhang-containing substrates. The pol m loop1 is of similar
length and probably also interacts with a 30 overhang (Fig. 4b):
as with TdT (84), deletion of the pol m loop both reduces its
activity on 30 overhangs and stimulates its activity on recessed
primers (54, 71). Histidines in both pol m (H329) and TdT (H342)
have also been proposed to help position the incoming dNTP
near the primer terminus in the absence of coordinating
primer=template base pairs (Fig. 4b and c) (68).
Pol m thus remains active in the absence of base-pairing
between primer and template; it is less ‘‘dependent’’ on tem-
plate, at least when compared with polymerase l or pol b.
However, the contribution of Pol m to NHEJ appears primarily
template dependent in other respects. Pol m is template de-
pendent in the sense that it is most active, both in vitro and in
cells, when it has access to a template through end-bridging
interactions provided by both NHEJ core factors and pol m
itself (Fig. 4b) (26). More important, pol m is efficient at adding
nucleotides under these conditions only when they are com-
plementary to template (26, 71). Pol m nevertheless is probably
more prone to template-independent additions than are
most other polymerases (excluding TdT) (21, 33, 34, 54, 62),
and consequently may direct the typically rare template-
independent additions in NHEJ junctions that are observed
when TdT is not expressed (8, 42, 45, 58, 71).
Elements required for template independence. TdT is
>40% identical to pol m and possesses both of the elements
previously linked to activity on unpaired 30 overhangs (an
extended ‘‘loop1,’’ as well as the active-site histidine; H342 in
TdT; Fig. 4b and c). Relative to pol m, though, TdT is both less
able to make template-dependent additions and more active
in making template-independent additions. The TdT loop1
motif is mostly responsible for blocking template-dependent
additions: mutation of the loop, or replacement of the TdT loop
with that of pol m is sufficient to allow template-dependent
additions (84). Conversely, the reciprocal chimera (pol m with
the TdT loop1) is less inclined to perform template-dependent
additions (54). The TdT loop1 may be more rigid than is
that of pol m and obligatorily excludes template near the
primer terminus (Fig. 4c). By comparison, the pol m loop is not
resolved in a crystal structure of pol m bound to a gapped
duplex DNA (68), possibly because the loop is displaced by
template.
TdT also has a much higher capacity for template-
independent additions than does pol m (54, 68, 84), especially
when Mg2þ is used (84). Strikingly, a large part of this latter
difference may be associated with a single residue in pol m
(R387) that inhibits template-independent activity (Fig. 4b
and c) (2). Substitution of this residue in pol m to agree with the
identity of the analogous residue in TdT (pol m R387K) is
sufficient to increase the pol m template-independent activity
from 10-fold to 100-fold, with little apparent impact on the pol
m template-dependent activity. Finally, comparison of TdT
with other pol X members indicates little structural evidence
for a pocket to bind downstream 50 PO4 (67). TdT probably
has the least intrinsic ability to promote end bridging, and
consequently, template-strand interactions, when comparing
pol X members.
Excision or bypass of damaged nucleotides
Damage-induced strand breaks are typically associated
with a wide variety of oxidized nucleotides (abasic sites and
oxidized bases) that flank the strand breaks (99). This damage
can hinder the ligation step in NHEJ (20, 31, 83).
In BER=single-strand break repair, Pol b first excises 50
terminal abasic sites by using its 50dRP lyase activity before its
synthesis activity is used to fill in the resulting gap (90, 91).
The pol b 50dRP lyase activity is at least as important as its
synthesis activity in certain contexts (90). Both fungal Pol 4 (5,
44) and vertebrate pol l (39) possess 50dRP lyase activity that
could similarly excise 50 terminal abasic sites. However, Pol4
lyase activity is dispensable for excision of 50 terminal abasic
sites in NHEJ in S. cerevisiae (25). Pol l is also relatively inac-
tive on DSB proximal abasic sites in vitro, and mammalian
NHEJ primarily uses Ku for this function instead (83).
NHEJ can alternatively use a polymerase that can bypass
damaged nucleotides (translesion synthesis activity) or ex-
tend from primer=template alignments with damaged nu-
cleotides. This will make termini sufficiently ‘‘clean’’ so that
they can now participate in ligation (22, 105), although the
damaged nucleotide will still be embedded in the NHEJ
product; presumably it eventually is excised by canonic base
excision repair. NHEJ polymerases are unusually effective in
sustaining activity with primers that are poorly paired with
template [(80, 104) and discussed earlier]. This distinguishing
characteristic probably explains why NHEJ polymerases pol m

















FIG. 5. Structural elements proposed to promote activity of vertebrate pol X members during NHEJ. X4-LIV, the XRCC4-
ligase IV complex. (a) pol l; (b) pol m; (c) TdT. (To see this illustration in color the reader is referred to the web version of this
article at www.liebertonline.com=ars).
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significant activity either when the templating nucleotide is
damaged or when base pairs near the primer terminus include
damaged nucleotides. Pol l is also surprisingly accurate when
using oxidized nucleotides as template (23, 63).
Reduced sugar selectivity
For seemingly obvious reasons, polymerases active in
replication and repair of DNA genomes typically have a
strong preference for adding deoxynucleotides over ribonu-
cleotides (>1,000-fold) (53, 73). Most of the NHEJ polymerases
are exceptions to this rule. The LigD polymerase domain has a
>20-fold preference for adding ribonucleotides (29, 82, 106),
possibly consistent with its origin as a primase. Pol m (72, 86),
TdT (12, 55), and fungal Pol 4 (5, 44) all modestly prefer
deoxynucleotides, with sugar selectivities varying between 1
and 50, depending on the polymerase and the nucleotide. The
related pol b excludes ribonucleotides by using a tyrosine (77),
and reduced sugar selectivity in other pol X members has
been attributed to substitution of this tyrosine with glycine (aa
433 in pol m) or histidine (86). Importantly, ribonucleotides are
typically 10- to 100-fold more abundant than deoxynucleo-
tides in cells [reviewed in (96)], suggesting that these poly-
merases will incorporate RNA primarily during repair of
DNA genomes in vivo (72).
RNA incorporated during NHEJ will interfere with subse-
quent replication (73) over the junction, and possibly tran-
scription as well. Does an advantage exist to using RNA?
Ribonucleotide use can directly affect the ligation step of
NHEJ. Terminal ribonucleotides strongly stimulate ligase ac-
tivities of LigD and LigC (107) and modestly stimulate the
activity of eukaryotic ligase IV (72). The ability of ligD poly-
merase domains (106) and pol m (72, 86) or TdT (12) to extend
with ribonucleotides is also dramatically reduced with each
successive ribonucleotide added, effectively limiting synthe-
sis tracts to fewer than five nucleotides. This may be helpful in
curtailing template-independent activity of these enzymes,
because long noncomplementary tails would be difficult to
align and ligate. As support for the idea that restriction of tail
length is important, many bacterial ligD genes also possess a
30 phosphodiesterase domain implicated in trimming 30
polynucleotide tails to a single terminal ribonucleotide (109).
The ability to use ribonucleotides might help polymerases
remain active when deoxynucleotide pools are low [e.g., in
G1=G0 cells (10, 47)]. In this regard, it is interesting that pol l is
the sole NHEJ-associated polymerase unable to use ribonu-
cleotides effectively; nevertheless, it has unusually high af-
finity for deoxynucleotides (>30-fold better than pol b), and
this may still allow it to retain activity when deoxynucleotide
pools are low but without resorting to the use of ribonucleo-
tides (41). Both eukaryotes and bacteria are more reliant on
NHEJ for DSBR, relative to homologous recombination (HR),
when cells are not active in DNA synthesis (i.e., G1=G0 animal
cells, stationary phase or sporulating bacteria, and metaboli-
cally starved fungi) (51). This is typically linked to the absence
in G1=G0 cells of a sister chromatid that HR prefers to use as
template [reviewed in (51)]; however, limiting amounts of the
other key substrate for HR, deoxynucleotides, may be equally
restrictive (15).
Incorporation of RNA during NHEJ has not been detected
in products of cellular NHEJ, making it difficult to evaluate
the significance of the reduced in vitro sugar selectivities. RNA
embedded in NHEJ junctions may be rapidly excised and
replaced with DNA (35, 36, 87). Alternatively, deoxynucleo-
tide pools may be locally inflated near DSB sites (74), making
ribonucleotide incorporation less frequent in cells than in vitro
experiments with whole cell pool estimates would suggest.
Doing More with Less
The consequences of NHEJ polymerase deficiency are not
very impressive by a routinely used assay—colony formation
after exposure to ionizing radiation—probably because NHEJ
does not absolutely need to use a polymerase to resolve a
double-strand break. As described earlier, though, closer ex-
amination reveals that NHEJ polymerases have critical roles
in determining the quality of repair by NHEJ, with important
physiological consequences. NHEJ polymerases are required
for these roles because they still work when most polymerases
will not: they have been engineered to remain active with
broken and damaged template, and without abundant
dNTPs. This engineering also allows different polymerases to
do different things with these substrates, according to the
needs imposed by different biologic contexts. NHEJ poly-
merases thus do not typically determine whether we can do
NHEJ, but they have a big impact on how well we do it.
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